Nasal delivery offers many benefits over other conventional routes of delivery (e.g. oral or intravenous administration). Benefits include, among others, a fast onset of action, non-invasiveness and direct access to the central nervous system. The nasal cavity is not only limited to local application (e.g. rhinosinusitis) but can also provide direct access to other sites in the body (e.g. the central nervous system or systemic circulation). However, both the anatomy and the physiology of the nose impose their own limitations, such as a small volume for delivery or rapid mucociliary clearance. To meet nasal-specific criteria, the formulator has to complete a plethora of tests, in vitro and ex vivo, to assess the efficacy and tolerance of a new drug-delivery system. Moreover, depending on the desired therapeutic effect, the delivery of the drug should target a specific pathway that could potentially be achieved through a modified release of this drug. Therefore, this review focuses on specific techniques that should be performed when a nasal formulation is developed. The review covers both the tests recommended by regulatory agencies (e.g. the Food and Drug Administration) and other complementary experiments frequently performed in the field.
Introduction
For many years, nasal administration has been limited to the local delivery of vasoconstrictors or anti-inflammatories (Pires et al., 2009 ). Subsequently, the potential of nasal administration for systemic delivery, mucosal vaccination and nose-to-brain delivery has been considered. First, the systemic delivery of drugs was envisaged due to the dense vascularization of the nasal mucosa. This pathway appeared to be an attractive alternative to conventional administration, in particular for drugs inactivated by the oral route (Türker et al., 2004) . Many examples of nasal administration with systemic diffusion (e.g. morphine (Stoker et al., 2008; Pavis et al., 2002) or metoprolol (Kilian and Müller, 1998) have already been cited in the literature, including the use of biotherapeutics (e.g. insulin (Varshosaz et al., 2006) . Some of them are marketed, such as Miacalcin® (Novartis, East Hanover, USA) or Minirin® (Ferring Pharmaceuticals, Saint-Prex, Switzerland), which contain salmon calcitonin and desmopressin, respectively. The nasal cavity has also been considered as a potential immunization site for vaccine administration as it is the first site of the body to be exposed to inhaled antigens (Csaba et al., 2009; Davis, 2001) . For instance, both preclinical and clinical studies have already emphasized satisfactory immune responses following the nasal administration of inactivated influenza vaccine (Terauchi et al., 2018; Dehghan et al., 2018) . The influenza vaccines Flumist® (brand name Fluenz Tetra in Europe) from AstraZeneca (Cambridge, UK) and Nasovac® from Serum Institute of India (Pune, India) have been approved in the USA and India, in 2003 respectively (Bahamondez-Canas and Cui, 2018 . More recently, nasal administration has been proposed to deliver drugs directly to the central nervous system (i.e. nose-to-brain delivery) while avoiding the blood-brain barrier (BBB) (Illum, 2004) . Indeed, the BBB is known to be the major obstacle to brain access for xenobiotics. Therefore, nose-to-brain delivery offers a great opportunity to deliver both conventional chemical drug and biotherapeutics for the treatment of brain diseases such as neurodegenerative pathologies (e.g. Alzheimer's or Parkinson's disease) (Sekerdag, 2017) or brain cancers (e.g. glioblastoma) (van Woensel et al., 2013) , while avoiding the use of invasive techniques to reach the brain (Kumar et al., 2018) .
However, when such potent drugs or biopharmaceutics are administered nasally, issues may appear due to their physicochemical properties (i.e. solubility, molecular weight and stability) (Wen, 2011) .
Additional troubles related to the anatomical specificity of the nasal cavity can also be encountered during administration (e.g. rapid elimination of the formulation by the mucociliary clearance). To overcome such limitations, effective pharmaceutical formulations need to be developed. The formulation strategies can combine nanotechnologies and excipients acting on nasal residence in order to fight against the mucociliary clearance (e.g. thickening or mucoadhesive excipients) on the permeability through the epithelial barrier (when a systemic or nose-tobrain transfer is considered) or on the drug protection against enzymatic digestion (when sensitive drugs such as peptide are administered) (van Woensel et al., 2013) .
A few reviews have addressed in detail the formulation aspect of nasal administration, with a special focus on: nanocarriers for nose-tobrain delivery (Sonvico et al., 2018) , nasal powders (Tiozzo Fasiolo et al., 2018) , mucoadhesive polymers (Chaturvedi et al., 2011) , nasal formulation parameters (Dondeti et al., 1996) , chitosan for nasal formulations (Casettari and Illum, 2014) and the nasal delivery of high molecular weight drugs (Ozsoy et al., 2009) . Besides the formulation aspect, nasal delivery requires a device to aerosolize the formulation to allow its deposition in the nasal cavity. For instance, depending on the physical state of the formulation (e.g. powder or liquid) or the specific therapeutic scheme (e.g. chronic vs. single administration), the device is selected from: single-or multiple-dose devices; liquid, semi-solid or powdered formulation devices; pressurized or unpressurized devices (Djupesland, 2013) . Moreover, some devices can specifically target the olfactory mucosa (in the case of nose-to-brain delivery) whereas others can deliver very accurate doses while avoiding losses in the deeper respiratory tract (Djupesland, 2013; Luthringer et al., 2009) .
The formulation, including its excipients as well as the formulationdevice combination (i.e. the generated aerosol), need to be characterized to justify both excipient and device choice and to evaluate tolerance of the formulation (Ument Karasulu et al., 2008) . For such purposes, in vitro and/or ex vivo experiments can be performed before proceeding to in vivo preclinical and clinical evaluations. Consequently, the aim of this review is to set out the ex vivo and in vitro tests recommended by regulatory agencies and the complementary tests specific to the nasal field. In vivo methods were not addressed in this manuscript in order to focus on other categories of techniques (in vitro and ex vivo) and thus provide more detailed information to the reader.
Nasal anatomy
The nasal cavity begins at the entrance of the nostrils where the vestibule is located ( Fig. 1) (Harkema et al., 2006) . Posteriorly to the vestibule, there is the main chamber covered by the "respiratory mucosa" where protuberances named "turbinates" are apparent with inferior, middle and superior turbinates. In the upper part of the nose is found the "the olfactory mucosa". The nose is separated into a couple of sections by a partition called the "nasal septum". The nasal cavity is characterized by a surface of 180 cm 2 which is due to the presence of microvilli but also to the presence of the turbinates. The different parts of the nasal cavity are covered by 4 distinct types of epithelium (Harkema et al., 2006) :
(1) The squamous epithelium essentially represented in the vestibule (2) A ciliated pseudostratified cuboidal epithelium (also called respiratory mucosa) that lies on the most part of the nasal cavity (3) The transitional epithelium that is a cuboidal non-ciliated epithelium located in a narrow zone that makes the transition between the squamous epithelium and the respiratory mucosa (4) The olfactory epithelium (also called the olfactory mucosa)
The nose has a total volume of 15 mL, a length of 12-14 cm and presents a pH range of 5.5-6.5 (Gizurarson, 1993; England et al., 1999) . The temperature in the nose is slightly below the human body temperature and ranges between 33 and 35°C (Foxman et al., 2015) .
Thanks to its respective mucosa, the nose allow a molecule to be transferred to other anatomical sites. Indeed, due to its high vascularization, the respiratory mucosa can provide a good site for the transfer of drugs from the nose to the systemic circulation (Illum, 1996) . On the other hand, the olfactory mucosa may provide a direct transfer of a drug from the nose to the brain while circumventing the BBB. Indeed, this is the only place in the body where the central nervous system is directly connected to the external environment, thanks to the olfactory nerves (Pardeshi and Belgamwar, 2013) .
In addition to other tasks attributed to the nasal cavity (i.e. olfaction and respiration), the nose is one of the first defence barriers against external toxins and microbes.
It is therefore equipped with a rapid mucociliary clearance, in which the mucus is displaced at a rate of 5 mm/min, with a turnover of 15-20 min (D'Souza, 2015) . This justifies the use of mucoadhesive agents to increase the drug residence time in the nose. The barrier function is also ensured by the presence of multiple nasal enzymes, macrophages, humoral mechanisms, etc (Beule, 2010) . Another anatomic relevant parameter of the nasal mucosa is the presence of tight junctions that limit permeability through the mucosa (Lin et al., 2016) . These effective defence mechanisms result in a rapid elimination and poor permeability of deposited particles. Therefore, effective formulation strategies have to be developed to overcome such limitations.
Physico-chemical characterization of nasal formulations

Liquid formulations
Usually, nasal liquid formulations are either aqueous simple solutions, micro-or nano-suspensions or emulsions (Djupesland, 2013) . The volume usually delivered in the nose is in the range 25-150 µL, with an upper limit of 200 µL (Bhise et al., 2008) . The nasal cavity may support a wide range of osmotic pressures before being altered (e.g. epithelium damage, increased mucus secretion), but it should ideally be close to ∼280 mOsmol/Kg (Gibaldi et al., 2007) . However, some nasal marketed products have reported an osmolality in the range 300-600 mOsmol/Kg. The formulation pH may interfere with the natural function of nasal lysozymes, which are defence enzymes active under acidic conditions36, (Shinichiro et al., 1981 ; Ellison and Giehl, Fig. 1 . Anatomy of the human nasal cavity (NALT: Nasopharynx-associated lymphatic tissue) (reproduced with authorization) (Gänger and Schindowski, 2018) . 1991). It may also affect the solubility and permeation of a drug presenting (an) ionizable group(s) and/or may have an effect on its stability (Huang et al., 1985) . To respect the physiology of the nose, the ideal pH of a nasal formulation should be between 4.5 and 6.5. Moreover, the rheological properties of the formulation should be assessed, especially when its viscosity could change once delivered to the nose (e.g. in situ gelling systems) (Cai et al., 2011) . Viscous formulation may be desired as they are associated with prolonged retention time and slower flow through the nasal cavity. However, nasal obstruction during administration can occur and the formulation spreadability can be diminished. In addition, viscosity has a direct impact on the aerosol droplet size distribution. Therefore, it directly influences the drug distribution in the nasal cavity.
Moreover, when formulations are dispersed systems (e.g. micro-or nano-suspensions or emulsions), size and charge evaluations are usually performed by laser diffraction or dynamic light scattering and electrophoretic mobility, respectively (Salade et al., 2017) . Transmission electron microscopy is another qualitative tool, which provides information about the size, shape and surface aspect of colloids (Pathak and Thassu, 2009 ).
Powder formulations
Depending on the powder density, a maximum of 50 mg is usually considered as acceptable for the delivery of a nasal-powdered formulation (Gad and Wiley InterScience, 2008) . The flow properties may be evaluated by different methods (e.g. angle of repose, compressibility index or Hausner index, flow rate through an orifice, shear cell), as described in the European Pharmacopoeia, 7th Edition, section 2.9.34. The residual moisture of the formulation can be estimated by weight evaluation before and after desiccation, by thermogravimetric analysis or by accurately determining the water content using a Karl Fisher test. The residual moisture in the formulation is an important parameter for powder properties as well as for drug stability (Salade et al., 2018) . The flowability of the powder may be improved by the presence of small amounts of residual moisture as water can act as a lubricant by reducing electrostatic charges. However, excess water can cause the formation of liquid bridges and thus limit the correct dispersion of the powder during aerosolization (Crouter and Briens, 2014) . For example, during the development of a spray-dried influenza vaccine with potential lung or nasal application, a maximum limit of 3% residual moisture was established (Kanojia et al., 2016) .
Evaluation of formulation behavior in the nasal cavity
Once the formulation has been developed, ex vivo and in vitro tests need to be performed to evaluate biological aspects (i.e. permeation, mucoadhesion, cilia and/or cell toxicity, etc.).
Assessment of the drug permeation
Permeability studies can provide relevant data about the drug transport through an epithelium or about the effect of an excipient on drug permeability (McMartin et al., 1987) . Permeation models are based on either ex vivo methods, using excised nasal mucosa, or in vitro methods based on in vitro cell culture models. The formulation of interest needs to be deposited homogenously and reproducibly on the excised nasal mucosa or on the apical side of the cell layer without damaging the tissue. The epithelium integrity can be controlled by determining the transepithelial electrical resistance (TEER). This is the electrical resistance between the apical and basal compartments and is calculated using the following equation (Eq. (1)) (EVOM2):
(1)
The TEER can be determined using different methods, including hand-held electrodes and EndOhm chambers (Foster et al., 2000) . Attention must be paid to selecting the electrode model as this choice depends on the precision needed and the insert used. Hand-held electrodes have a high reading variation (5-10%) and can be used for small inserts (diameter < 24 mm). In comparison, chamber configurations can deliver a uniform density through larger membranes (diameter ≥24 mm), with a reduced reading variation (Srinivasan et al., 2015) . Both excised mucosa and cell layers require an equilibrium time (∼30 min or 60 min (Röhm et al., 2017; Lungare et al., 2016; Wang et al., 2017; Li et al., 2006) before performing the permeation study, which then consists of taking aliquots from the basal compartment at regular intervals (Gonçalves et al., 2016) . The deposition of a reproducible and uniform amount of drug on the tissue is thus crucial as it will directly influence the gradient concentration and could thus introduce variation in the permeability (Upadhyay et al., 2017) .
Formulation deposition methods
Before carrying out the test, the formulation must be deposited on the tissue in a homogeneous and reproducible manner. Ideally, this should be done in a similar way to the intranasal administration performed in the patient: simple deposition, in the case of droplets, or aerosolization, in the case of sprays. However, during drug permeation studies, liquid formulations are usually dropped directly on the excised tissue or cell layer using micropipettes, even if the formulation is intended to be aerosolized in the patient. Moreover, a precise but relatively large volume of formulation is deposited, which does not represent the small volume (max. 200 µL per nostril) actually administered in the patient (Gad and Wiley InterScience, 2008) . For powders, the deposition is made either after the extemporaneous dispersion of the powder in a liquid or by aerosolization from a device.
This aspect was addressed in an interesting work comparing the permeability of ketoprofen in five powder formulations delivered either as solutions, dispersions (i.e. a powder previously dispersed in a liquid) or "powders" (i.e. extemporaneous dispersion in a liquid just before the deposition) through RPMI 2650 cell layers (Gonçalves et al., 2016) . Powder deposition showed the highest variability regarding ketoprofen permeability in comparison with the deposition of solutions and dispersions. This result was probably due to the heterogeneity of concentrations at the surface of the cell layer. This study highlighted the difficulty of depositing a powder homogeneously and the need to predisperse the powder in a liquid to reach sufficient reproducibility. However, the addition of solvent does not properly represent the behaviour of the powder once administered in the nasal cavity.
Another means of depositing powder on epithelia or cell layers is to form an aerosol. In this case, the powder deposition should not result in any damage to the epithelium or cell layer. Therefore, the deposition method needs to be selected carefully and properly evaluated. The distance separating the nozzle from the cell layer or epithelium must be adapted to the aerosol velocity of the formulation particles. The epithelium integrity can be assessed by comparing TEER values before and after deposition of an inert powder (e.g. lactose) on the cells. The deposition of a reproducible and accurate amount of drug can also be assessed on the basis of a gravimetric protocol (if the powder is homogeneous) or by quantification of the drug, after deposition.
An interesting work focused on powder deposition with an aerosol generated from the Rhinocort® nasal spray (AstraZeneca, North Ryde, NSW, Australia) (Pozzoli, 2017) . To this end, the authors developed a new 3D-printed expansion chamber that retains the powder that would be deposited in the nasal cavity. The novelty is in the chamber design, which includes a location for inserts with RPMI 2650 cells. This configuration allowed study of the drug permeation from the powder once it is deposited. In this case, the amount of budesonide deposited in this new expansion chamber was 98.73 ± 0.09% of the nominal dose (n = 3). In the three inserts loaded in the chamber, 13.12 ± 0.07 µg of budesonide could be recovered. The integrity of the cell layer was also confirmed, with no significant TEER difference (p > 0.05) between the initial value (126 ± 21 Ω.cm 2 ) and the value after the permeation test (127 ± 14 Ω.cm
2 ). This model was validated this way to assess both aerosol deposition and permeation. Another alternative is the Dry Powder Insufflator™ Model DP-4 ( Fig. 2 ) from Penn-Century (Penn-Century Inc., Philadelphia, PA), developed for different animal models. These devices aerosolize powder contained in their reservoir through their tip using air from a syringe. They were initially intended to deliver powders into lungs of rats (DP-4R) or mice (DP-4 M) after inserting the tip into the trachea of the anaesthetized animal. However, the DP-4 device has also been used to deliver powder into the nasal cavity of rats (Giuliani et al., 2018) and to deposit powder onto Calu-3 monolayers under an air-liquid interface (ALI) (Meindl et al., 2015; Cingolani, 2017) .
The influence of the deposition conditions of both liquid and powder aerosols on a Calu-3 cell layer was evaluated by Meindl et al. (2015) . Different drugs were administered either using a Microsprayer IA-1C (Penn-Century Inc., Philadelphia, PA) for liquids or a DP-4 insufflator for powders by placing the tip 11 cm above the 1.12 cm 2 membrane area. The efficacy in terms of quantity delivered and reproducibility of the delivery, as well as the safety of the procedure in terms of guaranteeing the cell layer integrity were evaluated. With liquid aerosols generated from the Microsprayer IA-1C, no significant decrease in TEER (> 100 Ω.cm 2 ) was observed after deposition, suggesting a safe procedure. The delivery for liquid formulations was reproducible and presented low variability (27 ± 3%). On the other hand, the powder deposition with the DP-4 device led to a decrease in the TEER (> 100 Ω.cm 2 ) and the efficacy of delivery was subject to drug-specific variations (range 3-28%). The authors proposed to increase the distance between the tip and the cell layer to prevent any effect on the barrier integrity. Regarding the delivery efficacy, some powder formulations were retained strongly in the device (e.g. 50% for sodium fluorescein).
Another configuration for powder deposition was proposed with the Unit Dose System (UDS) device from Aptar Pharma (Le Vaudreuil, France) (Fig. 2) . The UDS device was combined with the nozzle designed for nasal administration in rats (Aptar Pharma, Le Vaudreuil, France) and the system was connected to a 50 mL Falcon® tube pierced on the top. An insert with a surface area of 4.2 cm 2 was then placed below these instead of the cap (tip-cell layer distance = 12 cm). From the initial amount of powder loaded in the device (25 mg), 99.6% ± 1.5% was delivered and 64 ± 4.8% deposited on the Calu-3 cell monolayer on the insert, with a very good reproducibility (< 10%) (Salade et al., 2018) . Of course, the reproducibility of the method could change according to the properties of the powder studied (e.g. density, cohesiveness). Powders with a high density and strong propensity to agglomerate can provide poor aerosolization properties (i.e. a poor delivered dose) and therefore a limited amount of powder deposited (e.g. stickiness in the sample chamber of the device) (Minne et al., 2008) . These observations highlight the complexity of administering powders in a uniform, effective and safe manner.
Ex-vivo models
Ex vivo models consist of extracting the whole tissue from either animal or human donors (Pandey et al., 2017) . To preserve the tissue viability, the time elapsed between the animal sacrifice, the tissue excision and the permeation test should be as short as possible (e.g. 0.5-4 h) (Pund et al., 2013; Naik and Nair, 2014) . For instance, the viability of bovine and rabbit nasal mucosa has been estimated at 3 and 10-12 h, respectively, (Bechgaard et al., 1992; Schmidt et al., 2000) . Depending on the application intended for the tissue, precautions should be taken with regards to the tissue handling. For instance, cellular deaths were highlighted by Nicolazzo et al. after freezing (i.e. −20°C for 1 month) buccal mucosa (Nicolazzo et al., 2003) . However, the freezing step did not involve any modifications of its barrier integrity (confirmed by the non-diffusion of fluorescent dextrans) or its permeation properties (no effect on both caffeine and estradiol flux). These results suggest that the tissue can still be used for permeation tests69, (Borchardt et al., 1996) .
Among the different species used as tissue donors, rabbit (Colombo et al., 2016) , sheep (Naik and Nair, 2014) , goat (Basu and Maity, 2012) , calf and pig (Viegas et al., 2016) are described in the literature. Due to the limited stock of human nasal mucosa, studies have been conducted to compare histologically and morphologically both animal and human nasal mucosa. Sheep nasal mucosa presents a permeation similar to human nasal mucosa and can thus be used for both permeation and mucoadhesion experiments (Gardiner et al., 1996; Illum, 1996; Shaw et al., 2000) . This has been supported by the correlation established for insulin permeation between sheep and humans31, (Illum et al., 1994; Longenecker et al., 1987; Nolte et al., 1990) . However, if human nasal mucosa is still needed, it can be obtained from patients undergoing surgery in hospitals (e.g. for nasal obstruction) (Pandey et al., 2017) .
For the tissue sampling site, different zones of the nasal cavity may be exploited. For instance, the olfactory mucosa can be easily differentiated from the pink respiratory mucosa due to its yellowish aspect caused by the presence of a coloured pigment (i.e. carotenoid) (Vasa et al., 2017; Moulton, 1971; Graziadei, 1971; Amoore et al., 1971) . Additional protocol steps have been proposed after tissue collection, such as the step of delipidation with organic solvents (chloroform, methanol) . The goal of such removal is to avoid any UV interferences (e.g. during the quantification step) that could come from absorbance by the lipids from the tissue. Unfortunately, the use of such solvents may involve drastic permeation changes in the tissue (Ponec, 1992; Costin et al., 2009) .
Once the tissue is recovered, it is fixed on a Franz cell diffusion apparatus. It is fixed between a donor chamber, which receives the formulation, and a receptor chamber, which is filled with the receptor medium (Fig. 3) . The mucosa must be oriented with the mucosal side facing the donor chamber. The thickness of the tissue (usually 200 µm) should be measured and mentioned as it is directly linked to the diffusion rate (Tas et al., 2009; Shah et al., 2015; Acharya et al., 2013) . The influence of the thickness was investigated in a study that compared the permeation of both hydrophilic (i.e. caffeine) and lipophilic (i.e. estradiol) molecules though either full-thickness or epithelial tissue from buccal mucosa (Nicolazzo et al., 2003) . As expected, the diffusion of both caffeine and estradiol through the epithelial tissue increased 1.8-fold and 16.7-fold, respectively, in comparison with the full-thickness tissue. This shows how the tissue thickness is a crucial parameter that directly influences the diffusion rate.
The selection of the receptor medium composition is also crucial as it can strongly influence the quality of the experiment.. It should fulfil Fig. 2 . Illustration of the DP-4™ insufflator from PennCentury (© PennCentury) (left) and the UDS® device from Aptar Pharma (© Aptar Pharma Group) equipped with a nozzle for rats and coupled to a Falcon® tube, where the insert was placed instead of the cap (right).
"sink" conditions to avoid any influence of the drug that already diffused on the diffusion rate of the drug still remaining in the formulation (Ng et al., 2010) . During the permeation test, water can circulate in a double jacket to standardize the temperature. This temperature is fixed at 37°C in many permeation studies. However the temperature of the nasal mucosa is a bit little lower and the temperature fixed should not exceed 34.4 ± 0.1.1°C (Lindemann et al., 2002) .
In addition to its use in permeation tests, the same tissue can be recovered for histological analyses at the end of the experiment. To this end, Basu et al. used this protocol to assess the safety of their gel formulations containing either Carbopol® 934P, sodium alginate or a combination of both excipients for venlafaxine nasal delivery (Basu and Maity, 2012) . Following a fixing-staining step, the tissues recovered were compared to an unexposed mucosa that was a reference. The formulations' safety was confirmed, with no apparent necrosis.
It is thus possible, from a single permeation test, to provide a plethora of information related not only to the diffusion profile of the drug but also to the safety of the formulation.
In vitro models
Even if the ex-vivo model described previously offers a lot of benefits including the use of a real nasal tissue rather than a model that mimics it, it also has a few limitations. Indeed, between species, many variations can be observed in terms of tissue thickness and metabolic enzymes (with both differences in activity but also types of enzymes.) (Ehrhardt and Kim, 2008) . This therefore makes the ex vivo / in vivo extrapolation more complicated. Moreover, the experimental parameters frequently differ between scientific studies with experimental temperatures, stirring conditions and dissolution media varying form one study to another. The data resulting from such experiments as thus difficult to compare.
In this context, it is sometimes appropriate to work with a more standardized model such as cell culture models. These in vitro models are easier to use in routine testing than excised tissues, which present higher variability between species and donors in terms of thickness or enzymatic activity (Schmidt et al., 1998) . Both primary and immortalized cells may be used.
4.1.3.1. Primary cells. Primary cells are cells collected from a donor and then cultivated using in vitro cell culture conditions. The cell collection site is mainly guided by the considered pathway: local, systemic or nose-to-brain delivery. For both local and systemic applications, the medium or inferior turbinates are good choices as the respiratory mucosa is well-represented (Schmidt et al., 1998) . For nose-to-brain delivery, olfactory mucosa was easily generated after withdrawing primary cells from the olfactory region of rat noses, thus making the olfactory mucosa a sampling site of choice for nose-to-brain delivery (Gartziandia et al., 2016) . The researchers defined specific criteria for establishing an olfactory mucosa: an inoculation density > 5 × 10 5 cells/insert (0.9 cm 2 ) as well as TEER values > 160 Ω.cm 2 after 21 days of culture. The integrity of the layer was confirmed by the non-diffusion of carboxylated particles (< 0.001%). The extracted cells were confirmed as being olfactory cells due to the expression of 5-AC mucins.
The main limitations of using human donors are: the need for ethical protocols, the low cell differentiation, the limited number of subcultures possible, the high TEER values and a significant risk of contamination (e.g. fungal or bacterial) (Lee et al., 2005; Reichl and Becker, 2012; Yoo et al., 2003; Wu et al., 1985; Park et al., 2016) . However, these primary cells present the advantage of differentiating into a tissue with a heterogeneous cell composition histologically close to that of the nasal mucosa (Hirst et al., 2014) . Additionally, the characteristics of the donor (e.g. age, sex, health status) can be known and specific types of cells, for example with a diseased state, can be obtained. The variability between donors is usually considered as a factor that decreases the quality of the test as it represents a lack of standardization (Ulm et al., 2016) . However, for medically oriented studies involving a large and varied sample of patients, this can be an asset thanks to the diversity of information provided (Hirst et al., 2014) . A higher standardization may be achieved with commercialized primary cells such as EpiAirway™, a 3D precultured tissue model available for respiratory research and developed by MatTek Corporation (Aschland, MA). The model is derived from human tracheal/bronchial epithelial cells and contains both ciliated and non-ciliated cells, goblet cells that produce mucus and epithelium that presents tight junctions (Babu et al., 2008; Ren and Daines, 2011) .
For primary-cell culture, the chosen materials for insert membranes have often been polytetrafluoroethylene (PTFE) coated with collagen for better spreading and attachment or polyester membranes, combined with the bronchial epithelial growth medium (BEGM) as the culture medium (Lee et al., 2005) . The cell seeding density in inserts is usually around 5-7 × 10 5 cells/cm 2 . The switch from liquid-covered culture (LCC) to ALI can be made 2 days after inoculation on inserts (Lee et al., 2005; Schögler et al., 2017) . As with immortalized cells, the ALI configuration is essential for the establishment of cell polarization. An interesting work underscored that the formation of tight junctions and the cilia beating were apparent 4 weeks after culture under ALI conditions (Ong et al., 2016) .
Immortalized cells.
An alternative to primary cells is the use of immortalized cells. They present the advantage of better standardization and can be used more easily in routine testing as they are easily amplified and cultured (Reichl and Becker, 2012; Ulm et al., 2016; Kreft et al., 2015) . However, immortalization can sometimes cause the appearance of unwanted morphological changes in the cell line (e.g. absence of cilia beating) (Van der Walle, 2011). Up to now, the only nasal immortal cell line of human origin available has been the RPMI 2650 cell line (Bai et al., 2008) . However, other cell lines have been used for nasal application: Calu-3 and 16HBE (Bernocchi et al., 2016) . Interestingly, heterogeneous tissues can be constructed from immortalized cells by developing co-cultures (e.g. RPMI 2650 cells with fibroblasts) (Wengst and Reichl, 2009 ).
RPMI 2650 cell line. RPMI 2650 cells were isolated from anaplastic squamous cell carcinoma in the nasal septum (Moore and Sandberg, 1964) . Their major differences with the nasal mucosa are the absence of ciliary movements and multilayer cell growth (De Fraissinette et al., 1995) . Despite these few differences, RPMI 2650 cells have shown a similar permeability to nasal mucosa for hydrophilic, lipophilic and large molecular weight compounds (Reichl and Becker, 2012) . The model was first used for metabolic studies (e.g. degradation tests) and, subsequently, for transport experiments after culture optimization (Gonçalves et al., 2016; Kim et al., 2018; Shin et al., 2004) . In fact, RPMI 2650 cells were subject to strong histological modifications when switching from LCC to ALI (e.g. polarization, differentiation) (Reichl and Becker, 2012; Bai et al., 2008) . In 2014, Pozzoli et al. conducted a study focused on non-optimized parameters for RPMI 2650 culture (e.g. inoculation density) (Pozzoli et al., 2014) . It appeared that the LCC/ALI switch was feasible 24 h after inoculation when starting from a seeding density of 4-5 × 10 5 cells/cm 2 (Pozzoli et al., 2014) . Cell differentiation and the presence of tight junctions were effective after two weeks under ALI conditions, with TEER values of 50 and 120 Ω.cm 2 after 1 and 2 weeks, respectively (Kim et al., 2018; Pozzoli et al., 2016a,b) .
For insert materials, polyethylene terephthalate or polyester (which can be sometimes coated with collagen) are preferred for RPMI 2650 culture (Lungare et al., 2016; Gonçalves et al., 2016) . The culture media selected are minimal essential medium non-essential amino acids or Eagle's modified essential medium supplemented with 10% v/v foetal bovine serum and other additives (e.g. glutamine, antibiotics) (Kreft et al., 2015; Thomas et al., 2007; Albano et al., 2016) .
Calu-3 cell line. Calu-3 cells are isolated from lung adenocarcinoma and differentiate in a mixed phenotype of both ciliated and mucus-secreting cells. Therefore, a Calu-3 monolayer presents some morphological similarities (i.e. cilia, mucus production and the presence of tight junctions) with nasal tissue (Witschi and Mrsny, 1999) . In addition, Calu-3 cells present similar electrical properties, with a TEER of ∼100 Ω.cm 2 in ALI configuration in comparison to ∼70 Ω.cm 2 for human nasal mucosa, (Shen et al., 1994; Cremaschi et al., 1997) . The ALI culture conditions (Fig. 4) allow Calu-3 to be polarized and to form apical microvilli (Wan et al., 2000; Mathias et al., 2002) . Usually, Calu-3 cells are cultivated on various membrane materials (e.g. polyethylene terephthalate or PTFE ) coated with collagen (Zhang et al., 2016) and polyester (Seki et al., 2007) , with a seeding density of 4-5 × 10 5 cells/cm 2 Grainger et al., 2006 ). An example of Calu-3 application is their wide use to study the reversible opening of tight junctions caused by chitosans, an excipient used very commonly in the intranasal field (Salade et al., 2017; Ye et al., 2013; Scherließ and Trows, 2011) . The Calu-3 cell line has also been used to assess puerarin diffusion in the presence of paeoniflorin and menthol (Zhang et al., 2016) . Paeoniflorin did not show any effect, while menthol involved tight junctions opening and an alteration of the barrier integrity. Results were expressed in terms of the apparent permeability coefficient "P app ", which reflects the uptake efficiency of a drug through a defined barrier (Bittermann and Goss, 2017) . The P app of puerarin alone (1.226 ± 0.039 × 10 -6 cm/s) was increased following the incorporation of 15, 30 and 60 µg/mL of menthol, with a P app of 1.285 ± 0.084 × 10 -6 cm/s, 1.639 ± 0.085 × 10 -6 cm/s and 1.789 ± 0.087 × 10 -6 cm/s respectively. By using the Calu-3 model they concluded that the puerarin transport occurred mainly by passive diffusion but also that the combination with menthol increased the passive paracellular transport by opening the tight junctions in the Calu-3 monolayer.
Other researchers investigated the diffusion of losartan with or without dimethyl-β-cyclodextrin (DM-β-CD) and glycocholate (Amoako-Tuffour et al., 2009 ). The initial flux of losartan (P app : 1.3 ± 0.5 × 10 -6 cm/s) was not radically changed by the addition of DM-β-CD, while glycocholate (1% w/v) involved an increase in the P app (8.7 ± 1.1 × 10 -6 cm/s). The RPMI 2650 model was thus useful to show the permeation enhancer effect provided by glycocholate.
To summarize, the choice between primary and immortalized cells will be based on the information sought. At the early stage of a development, the formulator will usually evaluate several formulations and compare the effects of several excipients. In this context, it is advisable to work with a well-standardized model to avoid any additional variabilities. Therefore, the choice to work with immortalized cells seems more rational as the variability encountered with primary cells or excised nasal mucosa can be problematic. Once the most promising formulations are selected, the study can still be enriched with additional data generated through primary cell-based models or ex vivo models, which are closer to the true nasal mucosa.
Characterization of the formulation interaction with the nasal mucus
Once the formulation is delivered in the nose, it will be deposited in the nasal cavity and will be exposed to the mucociliary clearance, which will reduce its residence time. However, specific conditions such as disease, temperature/humidity changes or specific excipients may decrease or increase the viscosity of the mucus, impacting the elimination of the formulation.
Evaluation of the dripping with simulated nasal mucus
Very fast dripping of the formulation can make it flow outward from the nasal cavity (at the entrance to the nose) or flow rapidly towards the throat, which may result in a bad taste for the patient (Pu et al., 2014 ). This will depend on the nasal mucus state and the viscosity of the formulation. In healthy conditions, nasal mucus is about 15 µm thick and is secreted at a flow rate of 2 L per day in humans (Wilson and Allansmith, 1976) . The mucus fluidity can be influenced by many factors, such as the use of mucolytic agents (e.g. N-acetyl-L-cysteine) that decrease the mucus viscosity or a diseased state such as a chronic sinusitis that involves mucus thickening (Rochat et al., 2004; Rhee et al., 1999; Akamizu et al., 2004; Dulfano and Adler, 1975; Majima et al., 1990; Majima et al., 1999; Gudis et al., 2012) . Therefore, several rheological parameters may be used to study and characterize the mucus in specific conditions (e.g. pourability, viscosity, elasticity, adhesiveness and spinability) (Passali et al., 1995) . In this context, it can be relevant to expose the formulation of interest to artificial mucus mimicking specific conditions (e.g. sinusitis, rhinitis).
To that purpose, an in vitro experiment was proposed by Masiuk et al. (2016) . They established two distinct mucus compositions: a healthy one contained mucins and electrolytes, while a "diseased" one, which was more viscous and intended to mimic a chronic sinusitis, contained a saline solution to which was added locust bean gum mixed with sodium dodecyl sulphate (Anwarul Hasan et al., 2010) .
The test consisted of triggering the nasal device at 3 cm from a perpendicularly oriented thin layer chromatography plate coated with the mucus of interest (Fig. 5) . Afterwards, the plate was positioned vertically to assess the dripping. Coloured dyes (i.e. allura red AC, methylene blue, alcian blue GX, congo red and crystal violet) were added to the formulations to provide a better visualization. Both dripping distance and speed were recorded after a predefined time lapse, while a digital camera allowed the test to be visualized (Masiuk et al., 2016) . They showed that by increasing the Avicel® concentration, a Fig. 4 . Illustration of the ALI for Calu-3 cell culture.
L. Salade, et al. International Journal of Pharmaceutics 561 (2019) 47-65 thickening of the formulation was obtained and that this resulted in the reduction of the flow tendency of the formulation. The dripping was shown to be faster with the diseased mucus than with the healthy one. This was explained by the similar viscosity of the formulations and the healthy mucus compared to that of the sick mucus, which was so viscous that the formulation could flow along it. However, this test does not consider some specific features of the nose (i.e. nasal ambient heat/humidity and mucociliary clearance). Therefore, other techniques can be more relevant (see section 4.2.2B. on mucoadhesion with nasal tissue-based models).
Evaluation of the mucoadhesion
The nasal mucociliary clearance is a major issue for nasal delivery as it can reduce the residence time of a liquid or powder formulation to 15-20 min (Illum, 2006) . To counterbalance the clearance of the drug, both adhesive and gelling excipients may be added to the formulation to increase bioadhesion by thickening, electrostatic attraction or via specific receptor interactions (Pathak, 2011) . Despite this positive effect, it is important to avoid interfering directly with the mucociliary clearance as it can render the nasal cavity more vulnerable to external contaminants (Merkus et al., 1998) .
Even if certain excipients have the ability to adhere to the mucosa, the drug still has to diffuse through the mucus before reaching the nasal epithelium. This can be an issue. The mucus has been described as a double-mechanism filter (Sigurdsson et al., 2013) . The first mechanism works like a sieve that prevents too-big particles from diffusing. The second mechanism is based on interactions with the particle surface. This will let particles diffuse according to their charge or/and polarity. It has been observed that by developing small nanocarriers combined with an encapsulating polymer, it is possible to increase the diffusion in the mucus (Sonvico et al., 2018) . Indeed, polymers such as polyethylene glycols allow particles to avoid interactions with mucus mucins and thus to achieve a better mucopenetration.
4.2.2.1. Models with mucins. Nasal mucus consists of 95% water, 2.5-3% mucins, and a remaining 2% composed of electrolytes, proteins, lipids, enzymes and antibodies (Dondeti et al., 1996) . Mucins are strongly represented glycoproteins that are negatively charged at the physiological pH of the nose. Therefore, they are the target of choice for many excipients whose role is to extend the period of contact of the drug with the mucosa (Kaliner et al., 1984) . The mechanism may involve electrostatic interaction between the anionic mucins and the excipient positively charged at nasal pH (e.g. chitosan). Mucoadhesion was even defined by Leung et al. as an interaction between the mucin surface and a polymer (synthetic or natural) (Leung and Robinson, 1987) .
A first method for evaluating mucoadhesion with mucins was adapted from Conte et al. by Gavini et al. (Gavini et al., 2005; Yarragudi et al., 2017; Pavanetto et al., 1994) . A filter paper is soaked in a mucin solution (bovine submaxillary glands mucins 2% w/v) to become saturated with glycoproteins. Then, the filter is recovered and the formulation is dropped on it. An air stream (flux = 6.37 m.s −1 ) is applied horizontally onto the filter to simulate the nasal flow and to remove unattached particles. Gavini et al. studied the adhesion of metoclopramide-loaded microspheres produced by spray-drying and combined with either alginate, chitosan or both of them (Gavini et al., 2005) . Following the application of the airflow, the filter was washed with water to quantify the drug entrapped in the microspheres that were retained on the filter. Another version of this test was proposed, with fluorescent dextrans added to microparticles to allow easier quantification without needing any solubilization step (Yarragudi et al., 2017) .
A second method described the preparation of an agar/mucins mixture that was coated onto a glass plate and left for gelification (Lungare et al., 2016; Bertram and Bodmeier, 2006) . The formulation is then deposited on the plate and the displacement factor is measured (Nakamura et al., 1996) . This displacement factor is defined as the distance in centimetres measured between the initial deposition site of the formulation and its position at the moment of measurement (Farid et al., 2013) . The mucoadhesion is thus inversely proportional to the displacement factor. Such configuration was used to characterize mucoadhesive nasal inserts based on various bioadhesive polymers and loaded with oxymetazoline HCl (Bertram and Bodmeier, 2006) . The displacement of the inserts on the agar/mucin gel was evaluated to assess potential bioadhesion. This method was also used to evaluate the mucoadhesion of nasal in situ gelling inserts containing salbutamol (Farid et al., 2013) or liquid formulation containing amantadine and a thermosensitive polymer (Lungare et al., 2016) . This method therefore Fig. 5 . Images of (A) 1%, (B) 1.5%, (C) 2%, (D) 3% and (E) 3.5% Avicel® formulations at 30 s after actuation on a thin layer chromatography plate coated with healthy simulated mucus (Masiuk et al., 2016) .
makes it possible to measure easily the potential of a formulation to adhere and to compare different excipients with each other.
A last model is based on the indirect quantification of mucins bound to the formulation. The method is based on a colorimetric quantification of glycoproteins with the reagent couple periodic acid/Schiff reagent (Mantle and Allen, 1978; Patil et al., 2010) . Prior to adhesion tests, a calibration curve is established with various dilutions of mucins (e.g. 0.1, 0.25 and 0.5 mg/mL) and quantified at 560 nm with a UVspectrophotometer. The defined amount of formulation is introduced into the test solution of mucins in a range of 0.5-1 mg/mL (Chen et al., 2013; Pawar et al., 2010) . The mixture is left for 1-2 h and centrifuged to separate the mucin-formulation complexes from free mucins (Kulkarni et al., 2016) . Unfixed mucins are quantified in the supernatant following incubation with periodic acid. The Schiff reagent is incorporated, and the absorbance is measured at 560 nm 30 min after the addition of the reagent. By calculating the difference in the amount of unfixed mucins with the initial amount of mucins, the amount of fixed mucins can be indirectly determined.
This method was selected to highlight the mucoadhesion when developing resveratrol-loaded microparticles with either PLGA or a PLGA/PEG combination. With the PLGA/PEG combination, 81.96 ± 1.86 μg of mucins per mg of microparticles were fixed, while PLGA microparticles showed a lower binding of 70.13 ± 2.18 μg of mucins per mg of microparticles (Lee et al., 2017) . This test was therefore very useful to show the interest of the combination of both excipients. Another study compared chitosan and glycol chitosan nanoparticles for the nasal delivery of hepatitis B vaccine. Data collected showed that glycol chitosan nanoparticles could fix 0.447 mg of mucins/2 mg of nanoparticles. With chitosan nanoparticles, only 0.338 mg of mucins/2 mg of nanoparticles were bound (Pawar and Jaganathan, 2016) . The glycol chitosan derivative thus appeared to be more mucoadhesive than classical chitosan.
In conclusion, different methods involving mucins are available but each uses a specific protocol. The first technique with the filter saturated with mucins involves a direct quantification of the drug. The second method with the coated glass plate instead assesses the rheological/flow properties of the formulation. The third method uses an indirect quantification of mucins fixed. Among these, the first method may be considered as the most reliable since it directly determines the amount of drug retained on the coated filter. Moreover, the application of an airflow allows a better simulation of real nasal administration.
Models with nasal tissue.
Other models are based on the use of nasal tissues as the membrane of contact with the formulation. The first protocol evaluates the mucoadhesion by the "falling liquid film" technique ( Fig. 6) (Kulkarni et al., 2016; Rao and Buri, 1989) . The membrane used is usually sheep nasal mucosa (Nagda et al., 2011) or goat intestinal mucosa (Jain et al., 2004) . The tissue is positioned at 45°a nd the formulation is dropped on the mucosa. A buffer (e.g. phosphate buffered saline pH 6.4, 37°C) is perfused on the mucosa by means of a peristaltic pump with a fixed flow rate (Jain et al., 2004; Swamy and Abbas, 2011) . The drug is quantified in the perfusate and the amount retained on the tissue is determined by difference (Jain et al., 2009 ). The number of particles adhered to the mucosa can also be evaluated by counting them with a microscope at the beginning and at the end of the test (Patil and Murthy, 2006) . This method was used to assess the beneficial effect of increasing the chitosan/drug ratio in amlodipine besylate-loaded microspheres (Patil and Murthy, 2006) . The mucoadhesion of chitosan was expressed as a percentage using the following formula (Eq. (2)):
where Na is adhesion number, N 0 is the total number of particles in a particular area and N is the number of particles remaining on the mucosa after washing. The mucoadhesion was thus enhanced by increasing the chitosan/drug ratio from 1:1 (61.21 ± 4.21%) to 5:1 (70.43 ± 1.89%). Another version of this test was proposed with the monitoring of the microspheres' weight rather than their number (Jain et al., 2004; Takeuchi et al., 1996) . The mass of microspheres that did not adhere to the mucosa was determined following a centrifugation/ drying procedure and used to measure the mucoadhesion (Eq. (3)):
mucoadhesion weight of sample weight of detached particles weight of sample
In this study, the authors also concluded that the mucoadhesion properties were higher when the hydroxypropyl guar/amlodipine besylate ratio was increased from 1:1 (75.94 ± 0.076%) to 4:1 (80.70 ± 0.210%) (Swamy and Abbas, 2011) .
A second method, called the "wash-off technique", involves the use of an instrument recommended by the US Pharmacopeia for disintegration tests (Banik et al., 2012; Meeting at Washington, 2004; Kashikar et al., 2014) . Briefly, a goat intestinal mucosa is fixed on the arm of a tablet disintegration test apparatus and a known number of microparticles is spread onto the tissue. Then, the tissue is subjected to up and down movements in a selected dissolution medium. The number of remaining particles is counted at predefined times and is correlated to the mucoadhesive properties of the formulation. A manual version of this method was also proposed by Colombo et al. (2016) . A rabbit nasal mucosa was left for 20 min in contact with the formulation before being washed by up and down manual movements in successive washing baths filled with a simulated nasal buffer. The recovery baths were centrifuged and the detached particles were dissolved for quantification.
A third test that uses nasal tissue for mucoadhesion assessment involves the use of a texture analyser apparatus (Fig. 7) . The nasal mucosa is attached to the upper part of the instrument while the lower part is loaded with the formulation (Hägerström and Edsman, 2001; Pathak et al., 2014) .
The upper arm is lowered in the formulation with a specific force (e.g. 0.1 N) during a limited period of time (e.g. 5 min) to establish an intimate contact between both elements. After that, the force required to separate both parts is recorded. This method allowed the characterization of a mucoadhesive gel loaded with venlafaxine hydrochloride. The combination of Carbopol® 934 and sodium alginate in the gel provided the highest mucoadhesion (19.25 ± 0.55 g) in comparison with gels containing, separately, Carbopol® 934 (16.39 ± 0.89 g) or sodium alginate (17.00 ± 0.87 g) (Basu and Maity, 2012) . A synergic action was thus obtained with the combination of Carbopol® 934 and sodium alginate. Using the same test, Pathak et al. showed that their mucoadhesive microemulsion provided the same adhesion to the mucosa as Carbopol®934P. This example shows that this technique may be used to compare the formulation developed against a reference (i.e. Carbopol 934P) and thus confirm that it has the same ability to adhere to the mucosa. The formulation was considered as suitable for the nose-tobrain delivery of nimodipine (Pathak et al., 2014) .
Other methods.
Other techniques describing the use of rheological measurement for determining the mucoadhesion have also been developed. The formulation of interest is put into contact with physiological mucus and the viscosity is then recorded after a defined period of incubation. With mucoadhesive formulations, an increase in viscosity can be observed.
A group of researchers developing in situ gelling systems for nasal delivery measured the viscosity of their formulation in presence of porcine intestinal mucus (500 mg of porcine mucus added to 500 µL of formulation in 100 mM phosphate buffer pH 6.8) (Menzel et al., 2017) . After various incubation periods (0, 30 and 120 min), samples were analyzed with a plate-plate viscometer. For each viscosity measurement, the value of the control (mixture "phosphate buffer -formulation") was subtracted to the viscosity measured.
Determination of the formulation tolerance
Even if the addition of some excipients can easily be justified, scientists should be able to prove their safety, (Ingels et al., 1991; Schipper et al., 1991) . Most frequently, the mucosa used for tolerance evaluations are not nasal mucosa but rather toad palate mucosa41, (Xie et al., 2006; Zhang et al., 2005; Gu et al., 2016) . The test is usually performed on excised tissue but an alternative method is to deliver the formulation in vivo and recover the tissues after the animal sacrifice (Ument Karasulu et al., 2008) . After exposure to the formulation, the mucosa is analyzed by optical microscopy and compared to both negative (e.g. phosphate buffer) and positive controls (e.g. isopropyl alcohol) (Shah et al., 2016) . Isopropyl alcohol is a well-known toxic agent and positive control that involves cilia damage (Ohashi et al., 1988; Gao et al., 2006) . Such experiments were performed by Patel et al. to confirm tolerance of their formulations containing carbamazepine (Fig. 8 ). Two microemulsions were tested: a non-adhesive formulation that consisted of 6% w/w oily phase (Labrafil® M1944 CS), 32% w/w surfactant mixture (Cremophor® RH 40: Transcutol® P) and 62% w/w aqueous phase, while the adhesive formulation had the same composition plus 0.5% w/w polycarbophil. The test proved the harmlessness of both formulations and therefore their potential application as a nasal treatment.
The method has also found application for other formulations such as a nasal antihypertensive treatment containing nebivolol (Gao et al., 2006) . By performing this test, the different generally recognized as safe (GRAS) excipients incorporated in the microemulsion were considered as safe, while no damage was observed on the mucosa. In another work, the same conclusion was made regarding the tolerance of a nanoemulsion containing saquinavir against HIV-1 virus (Nemichand and Laxman, 2016; Mahajan et al., 2014) .
The previous analysis can be supplemented by the evaluation of ciliary movements that reflect the toxicity of a formulation (Gao et al., 2006) . For example, the nasal ciliary beat frequency is a parameter that can be followed to evaluate the toxicity of cigarette smoke on the nasal mucosa (Stanley et al., 1986) . The ciliary beating frequency can be measured using high-speed digital cameras and compared to the physiological beating frequency, which is around 10-12 Hz (Caruso et al., 2007) . The cilia morphology may also be visualized by microscopy and their integrity can subsequently be discussed.
Another option to assess the tolerance of a formulation involves the deposition of elements (e.g. seeds) onto the mucosa following exposure to the formulation. The cleaning rate of the element spread onto the mucosa is then followed. Results are compared and discussed with regards to the physiological displacement rate (10 mm/hour) (Gizurarson, 2015) . The classical protocol involves the exposure of the mucosa to the formulation as well as to a negative control (e.g. PBS pH 6.4) for 5 min. In this protocol, opium seeds are spread on the tissue and the time required for the seeds to travel a 6-mm distance is recorded (Naik and Nair, 2014; Fló-Neyret et al., 2001 ). This test was used to characterize a thermoreversible biogel for nose-to-brain delivery of doxepin (Naik and Nair, 2014) . A gelling system combining chitosan, glycerophosphate and polyethylene glycol 4000 showed an opium-seed clearance time that was twice as long as for an untreated palate. Moreover, the gel containing only chitosan and glycerophosphate induced a complete stop of the cleaning. The formulation thus showed a strong effect on the cleaning mechanism of the nose.
Aerosol characteristics and performances
Determination of the size distribution
For both powders and liquids, the reference method for assessing the size distribution in the formulation is laser diffraction (Mitchell et al., 2006; Dayal et al., 2004; Guo and Doub, 2006; Guo et al., 2008; Liu et al., 2010; Inthavong et al., 2008) . This method is adapted to both nano-and micrometer size ranges. However, other techniques such as dynamic light scattering are more suited to evaluating the size distribution in the nano size range. For instance, it can be relevant to compare the particle size distribution (PSD) of a powder directly after the production process (e.g. spray drying) and in the aerosol generated from the nasal device. Such a procedure allows highlighting of a potential agglomeration during storage in the device or even the ability of the device to disperse particles. Similarly, for liquid formulations, the size of the dispersed particles, in a suspension for example, can also be crucial as the particle size can influence the dissolution rate (Niazi, 2015) . Size analysis reports usually includes the following parameters: D10 (diameter where 10% of the population resides below this value), D50 (diameter where 50% of the population resides below this value), D90 (diameter where 90% of the population resides below this value), Span ((D90-D10)/D50), reflects the size distribution width) and percentage of particles/droplets smaller than 10 µm (FDA, 2002) .
Once evaluated in the formulation, the aerosol PSD must be determined by laser diffraction, as is recommended in the FDA guidelines (FDA, 2003) . The plume generated from the device moves through the laser beam and the size distribution of the entities can be evaluated (Fig. 9) . The aerosol PSD obtained is a key parameter that will directly influence the deposition site in the respiratory tract (FDA, 2002) . It is well established that particles with a diameter larger than 20 µm will Fig. 7 . Illustration of the texture analyzer apparatus equipped for mucoadhesion tests.
preferably deposit in the anterior part of the nasal cavity due to impaction, while small particles (< 5 µm) will not be stopped in the nose (El-Sherbiny et al., 2015; Shi et al., 2007) Therefore, the main size cutoff considered for nasal delivery is 10 µm. When particles or droplets are characterized by a median diameter smaller than 10 µm, they can potentially continue their journey to the lower respiratory tract by circumventing the nasal cavity (Suman et al., 1999) . Additionally, it has been suggested that the best deposition in the olfactory region could be achieved with a diameter around 10 µm (Schroeter et al., 2015) .
A decisive factor for such experiments is the distance between the device and the laser beam. Therefore, it is recommended to perform the PSD analysis at two different distances from the laser beam. Indeed, when the distance is modified, different parts of the plume may be evaluated (FDA & CDER, 2003) . For instance, Dayal et al. observed a Dv50 decrease of 17-27% when increasing the distance from 1.5 to 6 cm between the laser beam and the device nozzle (Dayal et al., 2004) . Both distances tested should be at least 3 cm apart and are usually comprised in the range 2-7 cm (FDA, 2003) . However, care should be exercised when the measurement is recorded at a short distance from the device tip. Indeed, since the density within the aerosol is quite high in this area, there is a risk of underestimating the actual particles size because of the multiple scattering phenomenon (i.e. the light scattered by a droplet/particle is rescattered by another one). Dayal et al. reported that multiple scattering is likely to appear when the light transmission is 80% (Dayal et al., 2004) . They therefore suggest taking into account the level of light transmission in order to avoid such bias during size measurements. When the experimenter wishes to study the size distribution at the output of the device, other more appropriate Fig. 8 . Photographs of sheep nasal mucosa demonstrating histological characteristics when treated with (A) phosphate buffer saline pH 6.4, (B) isopropyl alcohol and (C) mucoadhesive microemulsion of carbamazepine (Patel et al., 2013) . Fig. 9 . Nasal spray system (NSS) for standardized actuation of nasal devices combined with a Spraytec® apparatus for determination of the generated aerosol PSD by laser diffraction (reproduced with authorization © Malvern Panalytical Ltd, UK) (Spraytec Nasal Spray Support for accurate nasal spray droplet sizing from Malvern Instruments, 2018).
techniques make it possible to dispense with the multiple scattering. Among these we can cite the particle/droplet image analysis (PDIA) which is based on the image capture in the aerosol (Inthavong et al., 2012) . This technique is well-suited for the near-nozzle spray characterization but requires a large amount of sample in order to collect statistically representative results.
Laser diffraction is not only limited to the evaluation of the PSD but can also provide information about the spray dynamics. Indeed, during the device actuation, three distinct phases can be distinguished: the "formation phase", the "stable phase" or "fully developed phase" and the "dissipation phase" (Kippax and Fracassi, 2003) . The formation phase is characterized by the generation of a dense and concentrated aerosol associated to a rapid decrease in the laser beam light transmission (which represents the amount of light penetrating the sample) (Sangolkar et al., 2012) . The stable phase is characterized by the constancy in both light transmissions through the aerosol and the size of aerosol particles. Finally, a progressive increase in the light transmission may be observed in parallel with the increase in particle size during the dissipation phase (FDA, 2003; Sangolkar et al., 2012) . It is thus suggested that data generated from the fully developed phase of the spray be reported (Trows et al., 2014) . However, this fully developed phase has been criticized as it is not very representative of the aerosol emission in the nasal cavity. Indeed, once delivered into the nasal cavity, the spray does not have a sufficient space in order to fully develop its plume. The size measured during this fully developed phase do not directly correlate with in vivo deposition.
In addition to the previous parameters described, the device actuation should be well controlled and fixed to avoid any variability and thus to produce reproducible data. Automated actuators are strongly recommended (e.g. by the FDA) (FDA, 2002) as they avoid any operator-dependent variability, which can be encountered with repeated manually hand-actuated measures (FDA, 2003; Kulkarni and Shaw, 2012) . Kippax et al. conducted a study in which they compared droplet size distributions from two nasal devices after both manual and automated actuations. Their data showed that the automated actuation allowed a gain in both reproducibility and standardization of the procedure (Kippax et al., 2004) .
Various parameters related to the actuation can be easily controlled with such automated stations, such as the actuation force or the time between each test (Kippax and Fracassi, 2003) . Usually, the force applied for actuation is ranged between 4.5 and 6 kg, which corresponds to the usual hand actuation for an adult (Dayal et al., 2004; Trows et al., 2014; Doughty et al., 2011) . Both actuation force and aerosol PSD have been shown to be inversely proportional, with a decrease in both Dv50 and Dv10 when the actuation force was increased (Dayal et al., 2004; Trows et al., 2014) . Dayal et al. even showed a 37% decrease in the Dv50 when increasing the actuation force from 3 to 7 kg. The actuation force may be adapted to the device used and to the population of patients targeted (e.g. children). In this context, a study conducted by Doughty et al. focused on the actuation parameters of Flonase® spray (fluticasone propionate, GlaxoSmithKline, Research Triangle Park, NC). The purpose of the study was to compare the plume properties following an adult and a paediatric actuation, simulated with an automated station. The automatic actuator settings were fixed based on "hand data" collected from patients. For example, the actuation force was fixed at 5.8 and 3.4 kg to simulate an adult and a child manual actuation, respectively. It has been concluded that differences between adult and child actuations were observed with regards to the droplet PSD, the spray weight (mass of powder emitted from the device) and the spray pattern (Doughty et al., 2011) . For example, the mean spray weight collected from children's actuation was 88.2 mg (relative standard deviation -RSD -18.9%), while 95.0 mg (RSD 1.5%) were collected from adults' actuation. The RSD was also much higher for children's actuation. Intranasal administration can thus be subject to significant variability depending on the patient age.
More advanced automated actuators allow the determination of the actuation velocity instead of the actuation force (Grmaš et al., 2017) . Some companies, such as InnovaSystems (Moorestown, NJ, USA), are specialized in automated stations and can provide both types of instrument. Pneumatic actuators, such as the MightyRunt® system, allows the experimenter to fix accurately the actuation force. Other apparatus, such the NSP UA® actuator, allow the actuation velocity to be determined and involve a more complex mechanism as well as an electric motor.
In addition to parameters previously described, the aerosol can also be influenced by physicochemical properties of the formulation (e.g. rheology, density, surface tensions) and the design of the device (e.g. the orifice shape, the metering chamber, the volume delivered) (Dayal et al., 2004) . In the formulation, the addition of excipients such as surfactants or polymers has shown decreasing and increasing effects on the aerosol PSD (i.e. a smaller or larger mean diameter), respectively (Dayal et al., 2004) . For instance, by increasing the concentration of CMC from 1 to 2% w/v they observed a size increase in all aerosols generated from a multitude of nasal devices. This increase was correlated to the higher viscosity.
It was even shown that by adding 0.5% (w/v) Polysorbate 80 to a solution of 2% (w/v) carboxymethyl cellulose (CMC), the Dv50 decreased from 124 ± 2 µm to 92 ± 12 µm. However, with larger amounts of Polysorbate 80, the Dv50 started to increase again. Larger amounts of surfactant induced an increase in the dynamic-viscosity, which could explain the increase in the Dv50. However, observations regarding both surfactant and surface tension effects on the size distribution have been reconsidered by different studies that could not lead to a similar conclusion (Guo et al., 2008; Trows et al., 2014) . Indeed, the data collected by Trows et al. and Guo et al. rather suggested a strong influence of the viscosity while a slight effect of the surface tension on the droplet size distribution.
Aerodynamic assessments with impactors
For nasal administration, next generation impactors (NGI) coupled with expansion chambers are recommended by the FDA for the estimation of the deposition in the respiratory tract (FDA, 2003) . The conventional configuration (Fig. 10) consists of an expansion chamber (in which the nasal aerosol is generated) assembled to an impactor (e.g. an Andersen Cascade Impactor, NGI, etc.) (Pozzoli et al., 2016a,b) . These impactors are designed for the impaction of fine particles (< 5 µm). It is therefore usually necessary to combine an expansion chamber upstream of the impactor to allow the generation of an aerosol containing larger entities (> 10 µm). It is important that the aerosol Fig. 10 . Next generation impactor coupled with a glass expansion chamber (© Copley Scientific, UK) (Impactors for Nasal Spray Testing, 2018) (reproduced with authorization).
does not impact onto the glass wall of the chamber. Therefore, it should be sampled as a fine aerosol cloud. The expansion chamber may be defined as a glass round-bottomed flask with an entry located at 30°f rom the vertical axis and intended to trigger the device. An expansion chamber of 1 L is recommended by the FDA to evaluate powder aerosols as they usually have a thinner plume than liquid sprays, which require the use of larger chambers (2 or 5 L). The deposition occurring in the expansion chamber represents the nasal fraction while particles or droplets that reached the impactor represent the inhalable fine particle fraction. Once the test is completed, the drug may be quantified at each stage of the NGI to evaluate its deposition quantitatively. For such an experiment, an airflow of 15 L/min is usually applied in the instrument to simulate the inspiratory flow (Garmise and Hickey, 2008) .
Pozzoli et al. used a combination of a 2 L expansion chamber with a cascade impactor apparatus E with seven stages (Westech W7; Westech Ltd., Henlow, UK). They used this configuration to draw the deposition profile of beclomethasone dripropionate from the Teijin Rhinocort® dry-powder nasal spray (Pozzoli et al., 2016a,b) . They observed that 95% of drug was retained in the upper respiratory tract while only 5% could reach the lower respiratory tract. In another experiment, by Scherließ et al., a combination of a 1 L expansion chamber coupled with a NGI impactor (Copley Scientific, Therwil, Switzerland) was selected to study the deposition in the nasal cavity as well as the deposition of fine particles in the lungs (Scherlie, 2010) . This allowed them to estimate the amount of drug lost in the lungs. Doub et al. studied the deposition of a nasal suspension containing beclomethasone dipropionate with an Andersen cascade impactor coupled with various dimensions of expansion chambers (1, 2 and 5 L). It was concluded that the 1 L size induced a higher variability (Doub et al., 2012) .
Another recent study interestingly associated both permeation and deposition tests in one experiment (Pozzoli et al., 2016a,b) . The model used was Rhinocort®, a commercially available liquid suspension of budesonide (AstraZeneca, North Ryde, NSW, Australia). RPMI 2650 cells were cultivated for 14 days on Snapwell cell culture inserts. Snapwells are specifically designed to be easily removed from the initial culture plate to another place. The cell inserts were transferred to a custom-made 2 L expansion chamber designed by 3D-printing and built with acrylonitrile butadiene styrene. This expansion chamber was connected to a cascade impactor. The modified expansion chamber allowed the attachment of 3 Snapwell inserts seeded with RPMI 2650 cells. The nasal devices were triggered in the expansion chamber and the aerosol generated could be impacted on RPMI 2650 cell layers. After this, the Snapwells were recovered and placed in 6-well plates with warmed Hank's Balanced Salt Solution for drug permeation assessment. The model has been validated by comparing the deposition performances between both a classical expansion chamber and a custom-made chamber. The epithelium integrity was confirmed by performing a sodium fluorescein (a paracellular marker) permeation study with a VP3 spray pump (Aptar, Le Vaudreuil, France) (Pozzoli et al., 2016a,b) . A similar study was performed by Martignoni et al. for the delivery of solid lipid microparticles containing resveratrol (Martignoni, 2016) .
These expansions chambers have therefore been widely characterized, modified and, subsequently, used for the characterization of nasal sprays. However, their correlation with the anatomical structure of the nasal cavity has recently been discussed . Indeed, the chamber's volumes (1, 2 and 5 L) is often larger than the actual volume of the human nasal cavity. This implies, for example, that the spray emitted is subject to unexpected evaporation that causes a decrease in droplets size. This can thus reduce the droplets tendency to impact on the nasal cavity walls and falsely lead the experimenter to consider them as part of the inhalable section in the lungs. In the study of Williams et al., they proposed a new metal sampling system that is more nasal representative in terms of both angle and volume . This preliminary study therefore paves the way for the development of new and more anatomically relevant quality control methods for nasal products.
Deposition studies in nasal cavities using a nasal cast
Nasal casts are artificial nasal cavities used to model the real nasal cavity and to assess the deposition profile of a formulation in the different parts of the nasal cavity. The main difference between nasal casts and the impactors previously described is that nasal casts allow the detailed deposition profile of a sprayed product in the nasal cavity to be drawn while impactors provide global information about the deposition in the whole respiratory tract.
Among the different databases available, medical imagery (e.g. sectioned scans (Hörschler et al., 2003; Yu et al., 1998) , computed tomography or magnetic resonance imaging scans (Subramaniam et al., 1998) initially performed for the diagnosis of diverse nasal pathologies or deformations (e.g. nasal septum deviation) (Lin et al., 2014) can be a very rich and varied databank for the design of such artificial nasal cavities. Recent nasal casts obtained from the combination of computed tomography scans and 3D printing allow the manufacture of complex and biosimilar cavities (Hughes et al., 2008) . In order to build the nasal cast, the raw data resulting from medical analysis are digitally converted to be compatible with 3D-printing software (e.g. DICOM files). Commonly used 3D-printing techniques here are the fused deposition modelling process (Yarragudi et al., 2017; Le Guellec et al., 2014) and polyjet technology (Xi et al., 2016a,b) . Once the nasal cast is built, the test is performed by triggering the device in the artificial cavity. Then, depending on the model of nasal cast used, qualitative and/or quantitative data can be generated.
Some of the nasal casts, such as translucent casts, are limited to qualitative data due to their construction in a mono-block structure that Fig. 11 . Illustration (left) of the Koken® nasal cast (© Koken Co., Japan) and its use (right) for studying the effect of the device insertion depth on nasal deposition after coating the walls with Sar-Gel® (Kundoor and Dalby, 2011) ; reproduced with authorization).
L. Salade, et al. International Journal of Pharmaceutics 561 (2019) 47-65 cannot be disassembled into distinct sections (Fig. 11) . However, quantitative estimation of the deposition can also be obtained in a mono-block nasal cast by using digital camera and softwares (Kundoor and Dalby, 2011) . A good visualization of a liquid formulation deposition can be achieved by coating the nasal cast with a waterindicating dye (e.g. Kolor Kut®, Sar-Gel®) (Lungare et al., 2016; Grmaš et al., 2017) . Other casts can provide both qualitative and quantitative data, with anatomical models constructed in separable structures that allow quantification in specific areas (Fig. 12) . Depending on the specificity needed, the cast model can be divided in 2-3 or 5-7 anatomically relevant regions. The areas of interest frequently studied are the following: nostrils, vestibule, turbinates, olfactory region and rhinopharynx. Depending on the nasal pathway targeted (e.g. local, systemic or nose-to-brain), specific areas should be targeted preferentially for deposition. For instance, when a local effect or a systemic transfer is expected, the formulation should cover the largest area of the nose to maximize the surface of contact. This may be achieved by developing a formulation with a device that is able to generate small particles or droplets as they cover a large surface.
In contrast, when a nose-to-brain transfer is considered, it is necessary to maximize the nasal deposition in a very restricted area that represents only 5.2% of the total surface of the nasal cavity, namely the olfactory mucosa (Xi et al., 2016) . It is well known that the deposition of large particles or droplets (50-60 µm) occurs mainly at the entry of the nose, where this olfactory region is located (Cheng, 2001; Kundoor and Dalby, 2011; Guo et al., 2005) . However, if the medium diameter is too large, the formulation can be deposited at the very beginning of the nose and can be quickly removed by sneezing or cleaning (Scherlie, 2010) .
The rhinopharynx and the filter sections, located at the back of the nasal casts (Fig. 12) , are the representative areas for the evaluation of losses of small inhalable particles. Indeed, the rhinopharynx section contains an aerosol part that circumvents the nasal cavity, while the filter section acts as a barrier to block the smallest particles (< 5 µm), which could theoretically continue to the deeper respiratory tract.
For the design of the nasal cast, special attention must be paid to the material selected. Ideally, the component should not be too rigid but rather flexible, stable and inert. One of the most commonly used materials is silicon. This may be found in nasal casts from Koken® or Teijin Pharma®. However, alternative materials, such as acrylonitrile butadiene styrene (Gray et al., 2016) or polypropylene (Xi et al., 2016a,b) , may also be used. 3D-specific materials (e.g. VeroClear™ from Stratasys, Northville, MI) that allows the building of transparent and smooth nasal cavities are very suitable for such application.
The main disadvantage of using a nasal cast to evaluate the deposition, as well as the dispersion of a powder or liquid dispersion from a spray, is the difficulty of standardization. This is because the cast represents the nasal cavity anatomy of only one patient. Moreover, the mucociliary clearance, which is a key parameter for nasal drug delivery, cannot be evaluated in such artificial models. However, some studies included a step of moistening the nasal cast. This is performed by either nebulization or simple application of water or synthetic mucus (e.g. glycerol/surfactant mixture) prior to device actuation (Shah et al., 2014) . Many parameters need to be optimized and controlled to limit unexpected variations, such as the actuation force, the tilt angle of the device, the insertion depth in nostrils and the airflow applied in the system. Therefore, studies using nasal casts should specify the values of these parameters as they can introduce bias into the test. The insertion depths of the device in the nostrils are usually around 5-10 mm and the tilt angles frequently selected are 23°, 45°, 60°and 80° (Lungare et al., 2016; Hughes et al., 2008; Kundoor and Dalby, 2011) . Tilt angles of 60-75°between the base of the nasal cast and the device, combined with an inclination of 15°to represent the head forward, seem to provide a suitable pattern for the nose-to-brain pathway. This pattern has shown the highest deposition in the olfactory region (Lungare et al., 2016; Kundoor and Dalby, 2011) . A tilt angle of 30°was reported as covering the widest surface of the nasal cavity, which is very relevant for systemic or local delivery (Foo et al., 2007) . Similarly to other experiments involving the nasal device, the use of an automated actuator allows operator-dependent variabilities to be avoided. In contrast, with impactors, an airflow can also be applied through the system to mimic human inspiration when a breath actuated device is studied (Colombo et al., 2016) . Indeed, a majority of nasal sprays even require the patient inhalation or the closure of one nostril, during administration. This aspect has been addressed in a recent scientific study by MoragaEspinoza et al. (2018) . They studied the effect of respiratory flow on both plume geometry and drug distribution in nasal cast. The tests were performed by varying the respiratory flow (0, 10 and 45 L/min) but also by administering the formulation with both nostrils open or only one. They could highlight that these parameters had a drastic effect on the nasal drug distribution. For example, by simultaneously inhaling and closing one nostril, the velocity of the drops was greatly increased in the different nasal cast studies. Due to this flow change, the drug deposition site was directly impacted (especially in the turbinate zone). It is therefore very relevant to adapt the parameters of such experiment according to the recommendations of use of the device (i.e. inhalation during administration, closing a nostril, etc.).
Nasal casts were used by Pu et al. to study the influence of L. Salade, et al. International Journal of Pharmaceutics 561 (2019) 47-65 increasing the viscosity by adding microcrystalline cellulose or hydroxypropyl methylcellulose to their nasal liquid sprays (Pu et al., 2014) . It was shown that the incorporation of microcrystalline cellulose (1 and 2% w/v) allowed dripping of the formulation at the front of the nose to be decreased while avoiding strong modifications of the deposition pattern. Another experiment performed by Xi et al. focused on deposition in the olfactory region for nose-to-brain delivery. They compared different techniques for maximizing the deposition on the olfactory mucosa of the nasal cast: vestibular intubation (releasing the particles at a precise point of the vestibule), deep intubation (the nozzle of the nebulizer was placed below the olfactory mucosa) and electrically guided deposition (enhancing the deposition of charged particles in the olfactory region by applying an external electric force). It has been concluded that the electric guidance resulted in 16% deposition in the olfactory region while deep intubation provided only 1% deposition (Xi et al., 2017) . Thus, experiments on a nasal cast make it possible to compare new techniques of targeted administration and thus to select the most promising. Another experiment also targeted nose-to-brain delivery but with a powder formulation containing chitosan-coated liposomes loaded with ghrelin (Salade et al., 2018) . This approach adjusted the physicochemical properties of the powder developed and used the UnitDose System device from Aptar Pharma® (Le Vaudreuil, France). This device has been designed for optimizing the deposition in the olfactory region. With this process, it was possible to get a deposition higher than 50% in the olfactory region. Once again, the nasal cast allows confirmation that the formulation developed meets the criteria required for nose-to-brain delivery well and that the development can therefore be continued.
Finally, it must be mentioned that nasal casts can be combined with other techniques to collect complementary data. In this context, an innovative configuration was proposed with a nasal cast coupled with an NGI (Coowanitwong, 2011) . Such combination is similar to the previously discussed expansion chamber-impactor set-up. However, the replacement of the expansion chamber by the nasal cast provides more detailed information about the deposition in the nose. In this way, it is possible to draw a detailed deposition profile for the entire respiratory tract.
In conclusion, deposition experiments using nasal casts appear to be a very helpful technique for comparing different nasal devices, various formulations and diverse deposition protocols. Moreover, they are very useful for estimating the drug deposition in specific areas of the nose. However, the number of nasal casts used should be greater than one or two models and should involve nasal cavities presenting widespread anatomical particularities (e.g. septum deviations) to provide easier extrapolation to a larger part of the patient population.
Assessment of the plume geometry and spray pattern
Plume geometry and spray pattern are both recommended by the FDA for pressurized metered dose nasal sprays and single-/multiple-use devices (FDA, 2002) . Both tests are complementary parameters related to the plume morphology that allows visualization of the spray appearance at the exit of the device.
Both tests are easily and drastically impacted by device dependent parameters (e.g. pump design, shape of the nozzle) (Niazi, 2004) , formulation characteristics (e.g. viscosity, surface tension) (Guo and Doub, 2006; Trows et al., 2014) or even by patient handling of the device (e.g. actuation force). For both techniques, data can be recorded using manual or automated image analysis (Trows et al., 2014) . The main difference between the two measurements is the orientation between the spray and the measurement. The plume geometry is recorded from the side view, providing data regarding the plume angle (defined as the angle delimited by the two outer peripheral limits of the nasal spray). The spray pattern involves a cross section of the plume, focusing on its diameters and ovality (Figs. 13 and 14 ) (Marx and Birkhoff, 2011) .
Another difference between both methods is that the plume geometry is recorded at a very precise moment, while the spray pattern is recorded on the basis of a summation of images resulting from the whole spraying process (Guo and Doub, 2006) .
To evaluate the geometry of the plume, the analysis should be performed during the fully developed phase of the spray (similarly to particle size measurements) and at a distance from the nozzle greater than that used for spray pattern evaluation (≥6 cm) (Guo and Doub, 2006; FDA, 2003; Trows et al., 2014) . Therefore, the delay set to start the measurement after the spray development should be fixed during the fully developed phase. This delay fixing often requires a prior validation step (Shargel and Kanfer, 2010) . The measurement in the fully developed phase ensures good reproducibility as well as stable PSD values (Trows et al., 2014) . It is also recommended that the measurement is done when the plume is still in contact with the device tip (FDA, 2003) . Crucial information should be mentioned in such studies, such as the visualization technique selected (e.g. a SprayVIEW™ NSP system equipped with a high-speed digital camera) (Suman et al., 2002) .
For the spray pattern, the tip device-apparatus distance is also crucial and should be made at two distinct distances, between 3 and 7 cm (Pu et al., 2014; Chen et al., 2015) . The technique to evaluate the pattern of the spray can be an impaction-or a non-impaction-based method. Impaction-based methods involve the deposition of the spray on a surface, usually a thin-layer chromatography plate. The visualization technique can be specific to the drug or based on the use of dyes or fluorescent additives to make the impacted formulation visible. The non-impaction-based method uses a laser sheet coupled with a highspeed digital camera. This technique presents the advantage of overcoming analyst bias (Makidon et al., 2010) . Data is usually expressed in terms of spray areas, minimal (D min ) and maximal (D max ) diameters, the ovality ratio (D max /D min ) and the shape of the pattern.
Such techniques were used to evaluate the effect of a viscosity enhancer on the plume morphology (e.g. to increase the residence time or limit sedimentation during a suspension administration) (Pu et al., 2014; Pennington et al., 2008) . It was shown that an increase in the viscosity led to the production of larger particles or droplets in the aerosol, which remained in a smaller spray area and had a thinner plume (Fig. 13) (Kundoor and Dalby, 2011) .
For example, Trows et al. showed that by adding 5% w/v of sodium carboxymethyl cellulose in water, the angle of the plume was decreased from 82.1°to 13.2° (Trows et al., 2014) . A narrower plume angle implies the spreading of the aerosol cloud over a smaller area in the nose, which may be of interest when targeting a specific area of the nasal cavity (e.g. the olfactory mucosa). Other studies reported correlations between the spray pattern and the rheological analysis in shear thinning systems containing corticosteroid after gradual additions of microcrystalline cellulose (Pennington et al., 2008) . Guo et al. reached the same conclusion regarding the viscosity and the geometry of the plume. It was therefore concluded that by varying the viscosity of the formulation, the morphological characteristics of the spray could be changed. In addition, they assessed the influence of actuation parameters on the plume. It was demonstrated that by increasing the actuation velocity, the plume angle, plume width and spray pattern area were increased (Guo et al., 2008) . Other data have shown that the spray pattern is also very dependent on the nozzle device shape (Guo and Doub, 2006) .
Conclusion
Nasal drug delivery is a route of administration that may offer many benefits over conventional administrations. Despite the simple appearance of the human nose and its easy access, the development of nasally delivered treatments requires an accurate and complete development that covers drug characterization, formulation development and aerosol evaluation to ensure optimal delivery of the pharmaceutical. Such a process allows the desired anatomic site to be reached while ensuring the drug's effectiveness, minimizing side effects and limiting drug losses and degradations. The medicine developed should also show guaranteed compatibility with the human nose and that no tissue damage can be observed (Kumar et al., 2014) . Thanks to recent innovations in both characterization methods and formulation technologies, it will be possible to develop promising treatments that can fully exploit the advantages of nasal administration (Bhise et al., 2008) . Even if a plethora of data can be collected with in vitro and ex vivo experiments, in vivo experiments cannot be avoided as these are the only way to properly assess the behaviour of a formulation once it has been administered in patients (Djupesland, 2013) .
Moreover, the development of new devices specifically designed for intranasal administration makes it possible to better target the nasal cavity or even specific areas of the nasal cavity. They make it possible to limit drug losses (e.g. in the lungs), deliver accurate doses and produce aerosols guaranteeing a suitable PSD for nasal delivery.
However, there are still a lot of unanswered questions in the nasal field, especially for more complex nasal pathways such as nose-to-brain delivery. Fig. 13 . Influence of the viscosity on both plume geometry and plume angle, with increased concentrations of sodium carboxymethyl cellulose (A: 0%, B: 1%, C: 2%, D: 3%) (Trows et al., 2014) ; reproduced with authorization). . Spray pattern at 3 cm (A-C) and at 6 cm (D-F) for the pumps used for stroke length, actuation velocity and acceleration testing, respectively. Note that the pump used for acceleration testing has a more kidney-shaped spray pattern (Guo and Doub, 2006) .
